We demonstrate a silicon photonic chip sensor for absorption spectroscopy of methane near O=1651 nm. Noise analysis demonstrates 8.5×10
Introduction
Due to the high radiative forcing of methane (CH 4 ), natural gas leaks pose a significant challenge to the near-term environmental viability of oil and gas extraction [1] . Reducing subsequent environmental impact requires costeffective sensor nodes for reliable and fast identification of extraneous CH 4 emissions [2] . The efficacy of laser spectroscopy has been widely demonstrated in both environmental and medical applications [3, 4] due to its sensitivity and specificity to the target analyte. However, the present cost and the lack of manufacturing scalability of free-space optical systems limits their viability for economical wide-area sensor networks in localized leak detection applications. In this paper we demonstrate the feasibility of an on-chip silicon photonic (SiPh) sensor for evanescent field spectroscopy of CH 4 within the rovibrational overtone band near O=1651 nm, demonstrating a minimum fractional absorption (αL) min = 8.5×10 -4 Hz -1/2 consistent with conventional free-space sensor systems [3] .
Sensor Device and Experiment
The SiPh methane sensor is comprised of a 10 cm-long silicon-on-insulator waveguide with a cross-sectional width and height of 430 nm and 250 nm, respectively, as shown at the top of Fig. 1(a) . The waveguide is designed to operate in the transverse-magnetic (TM) mode with an air cladding, in order to facilitate a large effective overlap of the evanescent field with the ambient environment. Numerical simulations predict that the evanescent field sensor has an effective path length of 2.83 cm and a modal index n eff = 1.66, and measurements demonstrate a propagation loss of 2 dB/cm at λ =1651 nm. The experimental setup is displayed in Fig. 1(a) . Incident light from a λ =1651 nm fiber-coupled distributed feedback (DFB) laser diode is split, and the polarization set to deliver TM light to the SiPh chip, housed within a methane gas environmental chamber. A 10 cm-long free-space open path sensor is also located in the chamber, and is used as a reference for effective path length comparison and accuracy evaluation.
, , Lensed fibers are used to couple light into and out of the SiPh chip, and the resulting optical signal is detected using an uncooled InGaAs amplified photoreceiver. Transmission spectra are acquired via laser current ramping at 100 Hz and are sampled through a data-acquisition card (NI-USB 6003). Figure 1(b) shows the real-time CH 4 spectra acquired with both the SiPh chip and the reference sensor, while flowing 2.5 % CH 4 in a balance of N 2 into the environmental chamber. The clean absorption line observed validates the SiPh chip sensor performance. The ratio of the methane absorption spectra acquired with both sensors suggests a modal overlap factor for the SiPh chip of Γ = 25.8 % This translates into an effective path length of L eff = 2.58 cm that is in reasonable agreement with the simulated predictions yielding Γ = 28.3 % and L eff = 2.83 cm. Real-time spectroscopy of methane flow was conducted during a controlled CH 4 release into the environmental chamber with 5 s integration time per point, shown in Fig. 2(a) . The correlation between the free-space reference and SiPh chip absorption is shown in Fig. 2(b) , yielding an experimental modal overlap factor of Γ = 25.9 %, which is again consistent with simulation results and the results obtained in Fig. 1(b) . Allan stability analysis is performed on longterm (2000 s) zero-gas (N 2 purge) measurement in the chamber as shown in Fig. 2(c ) and minimum detection limit of ~ 20 ppmv at 10 3 s averaging time. Presently, spectral density analysis suggests the noise performance is limited by mechanical stability of the optical fiber coupling system, and the elimination of these associated noise sources will enable > 10× performance improvement at kHz laser ramp-rates. 
Preliminary results

Conclusions
We demonstrate an on-chip silicon photonic evanescent waveguide-based methane trace gas sensor. The sensor is Gaussian-noise limited up to ~10 3 s, with a sensitivity of 756 ppmv·Hz -1/2
. We expect the low-cost and manufacturing scalability of integrated SiPh sensors to enable a next generation of economical wide area sensor networks for continuous fugitive emissions monitoring.
